Horizontal binocular disparity is the fundamental stimulus for both fusional vergence and stereopsis, but whether common disparity-sensitive mechanisms are involved in both responses is unknown. To determine whether the sensitivities of motor and sensory fusion are interdependent, we studied vergence eye movements and depth discrimination, using stimuli with haplopic binocular disparities, in subjects with normal stereopsis and in subjects with mild to severe stereoanomalies. Our results showed that the subjects' disparity discrimination functions varied from nearly perfect discrimination to chance performance for all of the experimental stimuli. Their sensory functions did not necessarily predict the shape of their motor fusion functions, but in most cases were correlated with the subject's fixation disparities. The results support the conclusion that the stereoanomalies and vergence anomalies that previously have been described for coarse binocular disparities also extend to the small, haplopic binocular disparities. The independence of the response properties of sensory and motor fusion suggests that neural pathways for sensory and motor fusion separate after the initial disparity-selective mechanisms in primary visual cortex.
Introduction
Sensory and motor fusion share the common primary stimulus of binocular disparity, and the two responses both exhibit transient and sustained components (Ogle, 1950; Mitchell, 1969 Mitchell, , 1970 Bishop & Henry, 1971; Jones & Kerr, 1971 , 1972 Jones, 1980; Edwards, Pope, & Schor, 2000) . Precisely how the sensory and motor mechanisms of the human visual system integrate to produce veridical depth judgement remains unknown. Whether both fusional vergence and stereopsis share a common neural pathway, whether their input signals diverge after the initial extraction of disparity information in V 1 , or whether their neural pathways are totally independent, has not been ascertained (c.f. Erkelens, 2000) . While the processes share a common stimulus, the disparity ranges over which the two processes can operate may differ, and this difference could provide a clue about how sensory and motor fusion interact to form the percept of the external environment.
If disparity vergence and stereopsis share a common neural pathway after disparity detection, then their response properties would be interdependent. In other words, if a subject demonstrates a good ability to detect depth (direction and magnitude) from a given disparity, then he/she should also show a normal vergence response to that disparity, and vice versa. Similarly, a subject who cannot detect depth from a given amount of disparity would have a poor vergence response to that disparity. In fact, Richards (1971) reported on 75 subjects who demonstrated asymmetries in stereo discrimination for stimuli with coarse (\30 arcmin) disparities. Richards considered these asymmetries to be stereoanomalies, and, based on their combined characteristics, he suggested that normal (symmetric) stereopsis involves binocular activity in three basic groups of cells: those tuned to crossed disparities, those tuned to uncrossed disparities, and those tuned to near zero disparities. Subsequent neurophysiological research has identified groups of disparity-selective (near, far, nearzero) cells in primary visual cortex and other areas of the brain, which support his theory (Barlow, Blakemore, & Pettigrew, 1967; Poggio & Fischer, 1977; Poggio, Motter, Squatrito, & Trotter, 1985; Chino, Smith, Hatta, & Cheng, 1997) . Jones (1977) confirmed the findings of Richards with respect to stereoanomalies; he also demonstrated the existence of vergence asymmetries in the same subjects. For example, some subjects who failed to detect crossed disparities did not make convergence responses to crossed disparities; however, they maintained normal divergence responses to uncrossed disparities. Some of his stereoanomalous subjects displayed normal (symmetric) vergence responses; however, all subjects with asymmetric vergence responses were stereoanomalous, although not necessarily to the same class of disparities. Jones concluded that these results support the idea that the model of three separate pools of disparity detectors proposed for vergence initiation also describes the behavior of coarse stereopsis. While his evidence was not sufficient to prove that the two systems share disparityselective mechanisms, the fact that all vergence anomalous subjects also were stereoanomalous would suggest that they do.
Because the disparity stimuli for vergence eye movements are unreferenced, or absolute (Howard & Rogers, 1995) , tests that evaluate the sensory-motor relationship should incorporate the same type of stimuli. Psychophysical thresholds for these unreferenced disparities are in the range expected to elicit disparity vergence eye movements (Collewijn, Steinman, Erkelens, & Regan, 1991; Westheimer, 1994) . In Jones' experiments using line stimuli, subjects who were stereoanomalous to coarse (frequently diplopic) absolute disparities actually had normal fine stereopsis on conventional clinical tests (via relative disparity). The subjects who were anomalous for initiation of disparity vergence had normal sustained vergence; i.e., they were orthotropic. However, the neural mechanism for depth detection from diplopic images must be fundamentally different from the mechanism for depth detection from fused images, and still unknown is whether stereoanomalies and vergence anomalies exist for small (haplopic) binocular disparities (those falling within the receptive fields of single cortical neurons). Additionally, if such anomalies exist, does the presence of a vergence anomaly require the presence of a similar stereoanomaly? To explore these questions, we studied vergence eye movements and depth discrimination for fine disparities in subjects with clinically normal stereopsis and in subjects with mild to severe stereoanomalies.
Subjects
The experimental protocol was reviewed and approved by the University of Houston Committee for the Protection of Human Subjects; all seven subjects gave their informed consent. The subjects were minimally-experienced psychophysical observers prior to their participation, and six were naïve about the experiment's hypothesis. The subjects all had clinically normal binocular vision (20/20 or better visual acuity in each eye, orthotropia with normal fusional vergence ranges, and at least 20 arcsec of stereopsis, determined by clinical testing).
Procedures
The visual stimuli were generated with a PC-based computer graphics board (model VSG2/3), Cambridge Research Systems, Cambridge, England) and presented on a video monitor (model HL7955SETK, Mitsubishi, Tokyo, Japan). Dichoptic viewing was achieved with a Ferro-electric liquid crystal shutter system (model LV100P, DisplayTech, Inc., Longmont, CO), which displays alternate, non-interlaced frames to each eye at 60 Hz.
The vergence response elicited by a broadband Gabor of fixed binocular disparity was assessed by dichoptic nonius alignment (Mallot, Roll, & Arndt, 1996; Popple, Smallman, & Findlay, 1998) . The Gabor patch stimulus was composed of a vertical sinusoidal carrier grating (2.5 cyc/deg) windowed by a two-dimensional Gaussian envelope. The height of the Gabor was 2°, and the width was 0.4°(SD = 1 cycle of the 2.5 cyc/deg stimulus). The contrast was constant at 50%, and the bandwidth was one octave (Peli, Arend, Young, & Goldstein, 1993) .
A dichoptic fixation square and auditory signal were presented to indicate the beginning of a trial. The subjects were instructed to assure singularity of the fixation point before initiating a trial, but not to attend to the perceived depth of the Gabor stimulus. The subject initiated a trial by depressing a button. After a 500 ms orienting interval, the screen was blanked, and then the Gabor patch appeared for 250 ms (30 frames). The stimulus was presented with a constant disparity magnitude throughout each session, but the sign of the disparity (crossed or uncrossed) was randomly selected per trial. The screen was blanked for 16.6 ms (2 frames), and then a set of nonius lines appeared for 250 ms (30 frames). The nonius lines were 5 arcmin wide by 50 arcmin high and separated by 10 arcmin. The nonius offset presented in each trial was one of 10 values chosen to construct a psychometric function (method of constant stimuli). The top line was the reference line, the bottom line was offset to the left or to the right of the reference, and the subject's task was to indicate via a response button whether the bottom line appeared to the left or to the right of the top reference line.
Each session consisted of 400 trials, and the point of subjective equality (50%) determined by a logistic function (Berkson, 1953) indicated the subject's vergence response to the disparity of the Gabor patch used in that session (Mallot, et al., 1996; Popple, et al., 1998) . (See Fig. 1 for examples) . Separate psychometric functions were plotted for crossed and uncrossed disparities, which allowed evaluation for asymmetry in the convergence and divergence responses. Across sessions, psychometric functions were generated for vergence responses to disparities ranging from zero to 9 30 arcmin. The vergence responses were plotted against the stimulus magnitudes and direction, with negative values indicating uncrossed stimulus disparities and divergence responses.
Depth discrimination responses to the same Gabor patches used in the vergence task were assessed via a three-alternative forced choice paradigm (Richards, 1971; Jones, 1977; Espritu & Harwerth, 1998) . The three-alternative paradigm is necessary to preclude discrimination of crossed versus uncrossed disparities on the basis of perceiving or not perceiving depth by an individual lacking one class of disparity-selective mechanisms. Stimuli of each disparity class (crossed, uncrossed, zero) were presented randomly with equal probability, but the stimuli within the crossed and uncrossed disparity classes were distributed across four disparity magnitudes. The disparity values ranged from zero to 9 30 arcmin. The sequence of trial events was similar to that of the vergence task. A dichoptic fixation square and auditory signal indicated the beginning of a trial. The subject's depression of the response button generated a 500 ms orienting interval. The fixation square disappeared, the Gabor patch was presented on the screen for 250 ms (30 frames), and then a blank screen appeared for 1 s. During the 1 s interval, the subject indicated whether the Gabor appeared to be in front, behind, or in the plane where the fixation square previously had been located; i.e., the subject was required to make an unreferenced depth discrimination. If the subject's response for a trial and the sign of the binocular disparity for that trial were correlated (i.e. 'near' for a crossed disparity, 'far' for an uncrossed disparity, or 'zero' for zero disparity), response feedback for agreement between response type and dispar- ity type was given via a high frequency tone. Subsequently, the fixation square and auditory cue were presented to signal the next trial.
For graphical presentation of the stereo detection responses for each category of disparities (crossed, uncrossed, and zero), the percentages of each response type ('near', 'far', and 'zero') were plotted as a function of the stimulus magnitude, with uncrossed disparities given negative values (see Fig. 2 for examples). Qualitative representations of the subject's ability to distinguish crossed from uncrossed and from zero disparities are given by the shapes of these functions; however, to obtain data comparable to the strengthof-response data for disparity vergence, detectability indices (d-primes) were derived for each binocular disparity tested. The detectability indices (d% =z[hits]− z[false alarms]) were derived from the discrimination data, where a 'hit' was the probability of a response given that the sign of the disparity was appropriate, and a 'false alarm' was the probability of a response given that the sign of the disparity was either of the other two categories (Richards, 1971) . The d-prime values were plotted against the stimulus magnitude and direction, with negative positions on the abscissa indicating uncrossed stimuli. This plot was superimposed onto the plot for the vergence responses to an identical Gabor patch stimulus presented with the same disparities so that a qualitative comparison of the two functions could be made for each subject.
Results
Examples of the vergence response functions generated for a given amount of disparity (both crossed and uncrossed) are presented for three representative subjects in Fig. 1 . The percentages of responses 'bottom line right of top' are plotted against the nonius offset of the stimulus, with leftward offsets designated as negative values. The best fit logistic functions (Berkson, 1953) were used to obtain the offset magnitude for which the subject performed at chance level (50%). This point of subjective equality (PSE) for nonius offset indicates the locations of corresponding retinal points and, therefore, defines the intersection of the primary lines of sight. Thus, the magnitude and direction of the subject's vergence response to the stimulus disparity at the time it was presented were determined from the PSE of the logistic functions.
The psychometric functions in the first panel (Fig.  1a) represent Subject EU's vergence response to a 30 arcmin disparity vergence stimulus. When the disparity was uncrossed, the PSE occurred with an offset of about 12 arcmin divergence. Hence, her divergence response was approximately 12 arcmin for an uncrossed disparity stimulus of 30 arcmin. In contrast, when the stimulus had 30 arcmin of crossed disparity, the convergence response was only about 2 arcmin (right offset). Therefore, in response to the crossed disparity stimulus of 30 arcmin, Subject EU had a minimal convergence response. A similar pattern occurred for disparities of different magnitudes. Thus, EU showed asymmetric vergence responses, since her divergence responses to uncrossed stimuli were larger in magnitude than her convergence responses to crossed disparities.
The second panel (Fig. 1b) illustrates the opposite type of asymmetry in vergence responses. Subject CSK's vergence response to a stimulus with 30 arcmin of uncrossed binocular disparity was about 8 arcmin of divergence. Hence, Subject CSK, who has a 5 arcmin eso fixation disparity, did not diverge significantly in response to an uncrossed disparity stimulus of 30 arcmin. However, when the stimulus disparity was crossed, the convergence response was larger, about 20 arcmin. Thus, CSK's vergence response was also asymmetric, characterized by a convergence response that was larger than the divergence response to disparate stimuli of the same magnitude.
Analysis of subject JAF's data, shown in the third panel, reveals a general lack of sensitivity of her disparity vergence system for the stimuli used in these experiments. When the binocular disparity was 25 arcmin uncrossed, her divergence response was about 3 arcmin. When the disparity was 25 arcmin crossed, her convergence response was about 5 arcmin. The response characteristics of JAF's data were unusually low when compared to those of other subjects with clinically normal binocular vision. She demonstrated a relatively symmetric, albeit smaller than usual, vergence response to both crossed and uncrossed disparities, and her results for a stimulus with zero disparity do not indicate the presence of a fixation disparity.
The stereo response functions for the same three representative observers are presented in Fig. 2 . Each panel plots the frequency of the subject's perceptual responses (near, far, in plane) against the stimulus disparity, resulting in three functions: one function (diamonds) for the percent of trials for which the subject responded 'near' for each disparity; one function (squares) for the percent of trials for which the subject responded 'far'; and one function (circles) for the percent of trials for which the subject responded 'in the plane'. In Fig. 2a , for example, when presented with an uncrossed disparity stimulus of 15 arcmin, subject EU responded 'far' for 65% of the trials, 'in the plane' for 25% of the trials, and 'nearer' for 10% of the trials. These percentages for the three possibilities are represented by three points placed along the ordinate that intersects the abscissa at 15 arcmin uncrossed disparity. Similarly, when presented with a crossed disparity stimulus of 15 arcmin, EU responded 'nearer' for 90% of the trials, 'farther' for 10% of the trials, and 'in the plane' for 0% of the trials. For a stimulus with zero disparity, EU responded 'in the plane' for 70% of the trials, 'nearer' for 20% of the trials, and 'farther' for 10% of the trials. Stimuli with other disparities, both crossed and uncrossed, are plotted similarly, and the points representing the same response direction are connected. In general, EU's response functions illustrate the expected responses for subjects with normal stereoscopic vision. She responded 'farther' (squares) when the disparity was uncrossed and 'nearer' (diamonds) when the disparity was crossed greater than 33% (chance) of the time for disparities greater than 5 arcmin. She responded 'in the plane' (circles) greater than 33% of the time when the disparity was less than 5 arcmin. Therefore, she demonstrated accurate discrimination between crossed, uncrossed, and zero disparities.
The results for Subject CSK show stereodetection mechanisms for these disparity stimuli that are less precise than those of Subject EU, as illustrated in Fig.  2b . Overall, CSK responded 'farther' (squares) appropriately for stimuli with uncrossed disparities greater than 5 arcmin; 'nearer' (diamonds) for stimuli with crossed disparities greater than 10 arcmin; and 'in the plane' (circles) for stimuli with disparities between 5 arcmin uncrossed and 20 arcmin crossed. The overlapping region for zero and crossed disparities indicates a low discriminability between 'nearer' and 'in the plane' for these disparities. Thus, CSK's stereodetection mechanism was less sensitive both to stimuli with crossed and zero disparities than to stimuli with uncrossed disparities.
The stereodiscrimination results for Subject JAF, plotted in Fig. 2c , show a general inability to determine the direction of depth from binocular disparity cues. The most prominent feature of her response functions is the V-shape of her near response data. While she judged the larger (i.e. \ 15 arcmin) crossed disparity stimuli as 'near' greater than 50% of the time (above chance), she also consistently reported (greater than 50% of the time) that the larger uncrossed disparity stimuli appeared to be nearer than the plane of fixation. Additionally, she responded 'in the plane' (circles) for a large range of disparities, between 10 arcmin uncrossed and 10 arcmin crossed. Thus, Subject JAF's stereodiscrimination data suggest that she could discriminate between stimuli with large disparities and those with zero disparity, but she had difficulty recognizing the direction of depth from the binocular disparity cue and preferentially judged non-zero disparities as 'near'.
For a qualitative comparison of the sensory and motor responses to stimulus disparity, detectability indices (d-primes) were derived from the data for depth discrimination. Fig. 3 shows functions with both the vergence responses and the d-primes from stereo responses for six subjects. The data in the first panel represent an atypical example of agreement between the sensory and motor response functions. Fig. 3a shows the results for Subject AEK, who has a 5 arcmin eso fixation disparity. Her stereodiscrimination function (open symbols, right ordinate) for crossed disparities is proportional to the disparity magnitude, with a slope of approximately 0.5, and the slope of her vergence response function (filled symbols, left ordinate) to crossed disparities also shows a proportional relationship. The sensory function for uncrossed disparities is essentially flat, as is her vergence response to uncrossed disparities. Interestingly, the form of her vergence response function is correlated to the direction of her fixation disparity because the data show a responsive disparity vergence in the direction of her vergence bias, but not in the opposite direction.
The results for three of the subjects did not show a similar agreement between the sensory and motor responses: the shapes of their vergence response functions did not follow the shapes of their stereodiscrimination functions. In Fig. 3b , the slope of the sensory function for Subject CSK is systematic for stimuli with crossed and with uncrossed disparities, but the function shows a lower sensitivity for crossed than for uncrossed disparities. For example, the d% of less than 1.0 for a stimulus with 30 arcmin of disparity is very low compared to that of subject EU for the same stimulus. The shape of his vergence response function is linear for stimuli with crossed disparities, but not for those with uncrossed disparities. Thus, as with Subject AEK, his vergence response function can be predicted from his eso fixation disparity. The complementary form of vergence response functions was found for subjects with exo fixation disparities (EU and PMF). The functions for Subject EU (Fig. 3c) , who has a 4 arcmin exo fixation disparity, and for Subject PMF, who has a 5 arcmin exo fixation disparity (Fig. 3d) , have steep slopes both for stimuli with crossed and with uncrossed disparities Their motor response functions, however, are flat for stimuli with crossed disparities. Therefore, their vergence response functions can be predicted from their discrimination functions only for uncrossed disparities. The primary finding is that the d' is very high Fig. 3e . shows no significant difference in shape with a low spatial frequency stimulus, compared to the higher spatial frequency. disparities were reduced significantly from normal. Likewise, she did not demonstrate a fixation disparity.
In these experiments, the parameters of the Gabor patch stimulus were fixed; however, the characteristics of the sensory or motor response functions may depend on some of the specific properties of the stimulus, such as stimulus size, stimulus duration, and the uniqueness of matches between the stimuli for the two eyes. Additionally, the motor response asymmetries apparently are predicted by the fixation disparity. To determine whether these parameters may control the shape of the vergence response curves or the relationship between the motor and sensory responses, the test stimulus parameters were varied for several subjects. The results of these experiments, represented in Figs. 4-7, show that none of these parameters elicited a difference in the vergence response or in the relationship between the vergence response and the stereodetectability response established with the original test parameters.
For Subject CSK, the spatial frequency of the Gabor was reduced to 0.5 cyc/deg (larger stimulus) to test the hypothesis that a larger stimulus would require less precise vergence. These results are shown in Fig. 4 : compared to the functions for the 2.5 cyc/deg Gabor, there is no qualitative change in the relationship between his disparity discrimination ability and his vergence response functions. Fig. 5 . Comparison of the disparity vergence functions for Subject EU. Three different time periods were used for the stimulus presentation. Vergence response is plotted as a function of vergence stimulus, with negative values indicating uncrossed stimuli. The circles denote stimulus presentation for 30 frames (250 ms), the squares denote stimulus presentation for 60 frames (500 ms), and the diamonds denote stimulus presentation for 120 frames (1000 ms). No significant difference in the three functions is noted. both for stimuli with uncrossed and crossed disparities, but the motor system does not respond to the crossed disparities that the sensory system can detect.
Finally, three of the subjects demonstrated relatively low sensitivities for both their sensory and motor systems. In Fig. 3e , the slope of the sensory response function is shallow for both crossed and uncrossed disparities for Subject BSN, which indicates a relative insensitivity to binocular disparity. Her vergence response function also has a shallow slope, which follows the slope of the detectability function for both crossed and uncrossed disparities. Interestingly, she does not demonstrate a fixation disparity. Her vergence response function, therefore, can be reasonably predicted from her stereodiscrimination for both crossed and uncrossed disparities. The results for Subject SMS (data not shown), who also did not demonstrate a fixation disparity, were similar to those of Subject BSN. Subject JAF's results were also comparable to those of Subject BSN (Fig. 3f) , although overall her discrimination and her vergence responses for both crossed and uncrossed position of the function is shifted, but the shape of the function is essentially unchanged. Neither neutralizing the fixation disparity nor changing the direction of its bias enabled Subject PMF to make convergent responses to stimuli with crossed disparities.
Discussion
The results of these experiments demonstrate that the stereoanomalies and vergence anomalies previously observed by Richards (1971) and Jones (1977) for coarse binocular disparities also exist for fine binocular disparities. Furthermore, the data have shown that vergence anomalies can co-exist with normal stereopsis for fine disparities, which is contrary to Jones' (1977) findings for coarse disparities. This latter result supports the suggestion that the neural pathways for sensory and motor fusion separate soon after the initial disparity selective mechanisms in primary visual cortex.
Our results showing that vergence anomalies can exist in the presence of normal stereopsis may differ from those of Jones for several reasons. First, our subjects were well trained before data collection. As Fig. 7 . Comparison of the disparity vergence functions for Subject PMF obtained with prism-induced fixation disparities. Vergence response is plotted as a function of vergence stimulus, with negative values indicating uncrossed stimuli. The shape of the response generated with zero prism (circles) is similar to the that of responses generated when the exo fixation disparity was increased (diamonds) and when the direction of the fixation disparity was changed to an eso fixation disparity (squares).
To determine whether the time allotted to complete the vergence movement would affect the shape of the function, the vergence response task was repeated for Subject EU using three different time intervals for the stimulus presentation. The results, shown in Fig. 5 , show that there is no significant difference in the shape or position of the function when the stimulus is displayed for 30 frames (250 ms), 60 frames (500 ms), or 120 frames (1 s). Fig. 6 illustrates the effect on the vergence response function for Subject PMF when the stimulus bandwidth was changed, which increased the potential for false matches. The differences in the shapes and positions of the functions for stimuli having a 1 or a 0.5 octave bandwidth are insignificant.
The relative sensitivities of the subjects' vergence responses to crossed vs. uncrossed disparities are correlated to their normal fixation disparity. To determine whether the fixation disparity per se determines the shape of the vergence response function, the vergence response functions were measured for a series of prisminduced fixation disparities. Fig. 7 shows the effects on the vergence response function for Subject PMF when her prism-induced fixation disparity was changed. The noted by Foley and Richards (1974) , stereodiscrimination in anomalous observers can increase dramatically with practice. While the ability to appreciate stereopsis may improve once the task is learned, a similar improvement would not be expected of an involuntary (reflex) motor response such as disparity vergence. Thus, the amount of practice the two groups of subjects received may have been one factor contributing to the difference in the relationship between stereo and vergence anomalies noted between the two studies. Also, vergence anomalies in the presence of normal stereopsis may only exist for small, haplopic disparities. In this case, Jones' procedures would not have elicited an abnormal fusional response in subjects with normal stereopsis.
A second difference was in the methods for measuring vergence in the two studies. Jones used photoelectric monitoring of the irido-scleral boundary, and he collected the vergence data at the same time as the stereopsis data. Because we were eliciting small movements by using stimuli with fine disparities, we used a nonius method to measure vergence response, and our vergence data was collected in separate sessions from our stereopsis data. The psychophysical method may be affected by the amount of time allotted for the vergence movement to occur prior to the presentation of the nonius lines. However, control measurements presenting the stimulus for longer durations did not show a difference in the shape of EU's (Fig. 5) vergence response function.
The psychophysical method of determining vergence responses has a very high sensitivity that may allow us to assess disparity thresholds for the motor system, as well as the stereothresholds for the sensory system (Stevenson, Reed, & Yang, 1999) . The linear disparity response functions (Fig. 3) can be used to extrapolate to a zero response as a measure of the disparity thresholds. In most cases the motor and sensory thresholds were quite similar. For example the disparity vergence response function for Subject PMF is linear over the divergent stimulus range (r = 0.98) and, after compensation for her fixation disparity (5.32 arcmin), her threshold for disparity vergence was about 10 arcmin. In comparison, from the regression of her sensory data, the disparity threshold was a comparable 8.5 arcmin. In other cases there was less agreement. For Subject CSK, the linear analysis showed a threshold of 3 arcmin for disparity vergence, but a 13 arcmin threshold for the sensory system. Determining threshold responses by extrapolation to a zero response, however, is not always an adequate description of the motor or sensory mechanisms. For Subjects BSN and JAF, the regression analysis shows close agreement and low thresholds, but the slopes of their functions are very shallow, reflecting a general inefficiency of disparity processing for both the sensory and motor systems for these two subjects.
The possibility exists that either the greater range of spatial frequencies or the lower spatial frequencies present in the line stimuli facilitated the vergence response, thereby generating a normal vergence response in subjects with a normal stereo response to the line stimuli. We tested this hypothesis by changing the bandwidth of the Gabor stimulus for Subject EU. The decreased bandwidth did not alter the shape or position of her vergence response function. Similarly, when the spatial frequency of the Gabor was reduced for Subject CSK, no change in his vergence response function resulted.
The correlation between dynamic vergence responses and tonic vergence biases (fixation disparities) suggests a causal relationship. Two interpretations of the relationship between fixation disparity and disparity vergence have been proposed, both of which may be valid, depending on the circumstances: one is that the fixation disparity is a result of stress on the disparity vergence system (Ogle, Martens, & Dyer, 1967) , and the other is that fixation disparity is a necessary error to stimulate the fusional vergence system (Schor, 1980) . The correlation between the direction of the fixation disparity and the direction of the vergence bias found in our subjects suggests that, under the conditions tested, the fixation disparity reflects the inherent vergence response bias. In other words, for those subjects with a vergence anomaly in one class of disparities, their oculomotor systems postured slightly in the opposing direction when the binocular stimulus had zero disparity because their fusional capabilities existed in that direction. Alternatively, if the vergence response asymmetry was the result of the fixation disparity, then changing the magnitude or direction of the fixation disparity, via the addition of prisms, should have changed the response asymmetry. As demonstrated with Subject PMF (Fig.  7) , however, the creation of an eso fixation disparity with prism in a subject who inherently had an exo fixation disparity did not change the shape of her vergence response function. For the given conditions, if the fixation disparity was a purposeful error to stimulate vergence, we would expect that changing the error would stimulate vergence in the direction needed to overcome the error, and this did not occur. Therefore, neither of the conventional theories of fixation disparity is supported by our data. Rather, the most straightforward explanation is that fixation disparity represents an asymmetry in disparity-sensitive mechanisms (Espritu & Harwerth, 1998) , which makes the clinical significance uncertain (Ogle et al., 1967) .
The physiological functions of disparity sensitive mechanisms in stereopsis and vergence have also been studied. In a series of recent experiments, the disparity detectors in V 1 of the monkey have been shown to be selective for absolute disparities (Cumming & Parker, 1999) . By using anti-correlated random dot stereograms (Julesz, 1960; Cogan, Lomakin, & Rossi, 1993) , they also have demonstrated that disparity selective neurons in V 1 can signal the presence of disparity even though the stimulus cannot generate a conscious perception of depth (Cumming & Parker, 1997) . These findings support the conclusion that, while an occasional V 1 neuron can signal the detection of a disparity sufficiently small to match the precise performance of behavioral depth judgements (Cumming & Parker, 2000) , in general the responses of V 1 neurons are not dependent on the perception of stereoscopic depth. Thus, cells that respond to the stimulus for fusional vergence (i.e. absolute disparity) are present as early as V 1 and may, therefore, initiate vergence even if stereopsis cannot be appreciated. Suggested also is that the feature matching requirements for stereopsis feed into the perceptual pathway after the perceptual and motor pathways diverge.
Concurrently, Masson, Busettini, and Miles (1997) showed (for small, suddenly imposed disparity steps) in both humans and monkeys that anti-correlated random dot stereograms elicit vergence eye movements. Thus, their data demonstrate that vergence can be elicited by a local disparity even though the correspondence problem cannot be solved to generate a sensation of depth. In other words, detection of a disparity appears to be sufficient to generate a vergence response, whereas additional matching criteria (such as similarities in luminance and spatial frequency between the images for the two eyes) must be met to elicit stereopsis. Together with the data from Erkelens (2000) , who demonstrated that stereopsis can be perceived without eliciting vergence and vice versa, these results suggest, as do our data, that the pathways for stereopsis and fusional vergence diverge soon after the initial disparity selective mechanisms in V 1 .
Our subjects were not instructed to make depth judgements during the vergence task, and the differences between subjects in the motor-sensory relationships must reflect basic differences in the reflex fusional vergence system. Subjects with vergence anomalies to disparities that they could detect perceptually (e.g. Subjects CSK, EU, and PMF) must possess detectors for both crossed and uncrossed disparities in V 1 . The defect in their vergence pathways must occur downstream of where the paths for the perceptual and motor responses diverge. In contrast, for subjects such as AEK, who was both stereoanomalous and vergence anomalous to one class of disparity detectors, the defect in her neural mechanism could occur before the perceptual and motor paths diverge, possibly as early as the disparity-selective neurons of V 1 . Similarly, subjects with poor stereo and poor vergence responses to both crossed and uncrossed stimuli (e.g. Subjects BSN and JAF) are most likely to have insensitive initial disparity processing mechanisms. Either their V 1 neurons simply are not responding to disparity, or the disparity signals they generate are being negated shortly after primary visual cortex.
In conclusion, the results of these experiments have demonstrated that, for binocular disparities associated with normal single binocular vision, the relationship between motor and sensory fusion is complex. A similar study of these response functions in subjects with clinically abnormal binocular vision (i.e. microstrabismus) may further clarify the interactions between these two processes.
